Flow cytometric determinations of membrane integrity, nucleic acid content, and respiratory activity were combined with dilution cultures in Waquoit Bay Estuary (Massachusetts) to estimate specific growth rates of total, live, high (HNA), and low (LNA) nucleic acid content and actively respiring (CTC+) cells. Bacterial abundance ranged from 10 6 to 10 7 cells mL 21 , with live cells generally contributing . 85% to total numbers, 42-82% HNA cells, and 3-36% CTC+ cells. Specific growth rates (m) from all physiological groups were positively correlated, but they showed different temperature dependences, with activation energies ranging from 0.28 ( 
Planktonic heterotrophic bacteria are frequently considered as a single ecological compartment due to their major shared role in the uptake and remineralization of dissolved organic matter. However, heterotrophic prokaryotes are highly diverse both phylogenetically and physiologically (Comte and Del Giorgio 2009) . Individual activity probes have allowed the recognition of cells characterized by distinct metabolic properties or levels of activity (Smith and Del Giorgio 2003) . The term physiological structure of bacterial communities (Del Giorgio and Gasol 2008) has been recentlty proposed for the distribution of cells into operational categories of metabolic properties and activity, including membrane integrity and polarity, nucleic acid content, and respiratory activity.
Bacterial assemblages are composed of a few more rapidly growing members and a usually larger number of cells with slower growth (Ducklow et al. 1999; Gasol et al. 1999 ) distributed along a continuum of many possible intermediate states (Smith and Del Giorgio 2003) . However, these different subgroups have seldom been specifically characterized. Commonly, the evolution of only the total number of cells in dilution culture regrowth experiments (Ducklow 2000) is monitored for estimating mean specific growth rates (m) of the whole assemblage. Until the advent of flow cytometry, enumeration of cells was time consuming, and many reports of bacterioplankton m relied on concurrent estimates of bacterial production (BP) and biomass (BB), in which m was calculated simply as BP : BB ratios (Kirchman 2002) . One shortcoming of this approach is the necessity of assuming or deriving conversion factors (Ducklow 2000) , which have been shown to vary widely both for biomass (7-53 fg C cell 21 ; Ducklow 2000) and production (, 0.5-3.6 kg C [mol Leu] 21 ; Alonso-Sá ez et al.
2008; Calvo-Díaz and Morá n 2009).
By affecting the rate of enzymatic reactions, temperature has been frequently shown to be a major factor regulating bacterial biomass, production, and growth rates (White et al. 1991; Kirchman et al. 2009; Ducklow et al. 2010 ). However, the frequent covariation of temperature with substrate availability over wide temperature ranges (i.e., warm waters are usually nutrient deficient in many pelagic ecosystems) renders it difficult to describe the true temperature dependence of bacterial growth rates. Persistently eutrophic ecosystems, such as urban coastal areas or estuaries, are excellent environments for testing the direct effect of temperature on bulk and group-specific bacterial growth rates and standing stocks because limitation by resources would be nonexistent year-round (Feuerpfeil et al. 2004 ). In contrast, in systems where inorganic and/or organic nutrients become limiting during summer, the temperature dependence of bacterial metabolism is greatly dimished or lost above some threshold value (Hoch and Kirchman 1993; Shiah and Ducklow 1994b; A. Calvo-Díaz and X. A. G. Morá n unpubl.) .
As with phylogenetic groups (Fuchs et al. 2000; Yokokawa et al. 2004; Teira et al. 2009 ), specific growth rates would also be expected to differ among distinct physiological groups, but so far, not many studies have compared the cell-specific activity of more than two groups simultaneously (Gasol et al. 1999; Longnecker et al. 2005; Jost et al. 2008) , and m values are rarely reported (Del Giorgio et al. 1996; Gasol et al. 1999) . Three single-cell physiological probes, separating live and dead (Grégori et al. 2001 ), low (LNA) and high (HNA) nucleic acid content (Li et al. 1995; Bouvier et al. 2007 ) and actively respiring (CTC+) bacterial cells , varied consistently throughout the year in temperate eastern North Atlantic waters, with distinct periods in their contribution to total numbers and relationships with environmental factors (Morá n and Calvo-Díaz 2009). Although live cells are usually more abundant than dead ones (Lamy et al. 2006) , there is considerable variability among systems (Schumann et al. 2003) . Other studies have specifically suggested that HNA bacteria apparently depend more than LNA bacteria on phytoplankton substrates for growth and metabolism (Li et al. 1995; Morá n et al. 2007; Scharek and Latasa 2007) . Despite their usually lower contribution to abundance (, 20%), CTC+ cells play a substantial part in bulk bacterial activity and production (Lovejoy et al. 1996; Smith 1998; Morá n and Calvo-Díaz 2009) .
The three aforementioned single-cell probes were used to obtain information about the physiological status of estuarine bacterial assemblages in Waquoit Bay (Massachusetts) over a temperature range of 7uC to 27uC. Sampling from May through December in three different subestuaries and nearby coastal waters was intended to provide multiple observations over a wide range of environmental conditions. We estimated the relative importance of live, LNA, HNA, and CTC+ bacteria, and calculated the specific growth rates of these four fractions in a total of 24 dilution experiments. The aim of this study was to assess whether the different single-cell groups were consistently characterized by different m and to ascertain the environmental drivers that determined the physiological responses. Correlation and regression analyses were used to evaluate the importance of individual factors. Two hypotheses were specifically tested: that HNA cells are more dependent on phytoplankton-derived organic matter than LNA cells and that the contributions of each physiological group to total carbon flow through heterotrophic bacteria are characterized by different temperature dependences.
Methods
Study site-Waquoit Bay (41u349N, 70u319W) receives large amounts of nutrient loading in the upper riverine reaches and is considered a mesotrophic to eutrophic estuary (Valiela et al. 1992) . This estuary presents different subestuaries characterized by dissimilar nitrogen loadings due to different land uses and comparatively pristine areas coexisting with densely populated subwatersheds, and therefore it offers a wide range of environmental conditions at a single, easily accesible site (Valiela et al. 1992) . During 2008, we conducted a comprehensive assessment of bacterioplankton standing stocks and production rates in three subbasins: Childs River (CR), Quashnet River (QR), and Sage Lot Pond (SL), plus coastal waters in Nantucket Sound outside the Waquoit Bay entrance canal (NS).
Experimental setup-Dilution regrowth experiments were performed with surface water sampled from a small boat. Within 1 h from collection, 400 mL of water were diluted with 1600 mL of 0.2-mm-filtered (polycarbonate, 47-mm diameter) water from the same site. These water samples were incubated in the dark at in situ temperature in temperature-controlled chambers. After stirring, samples for bacterial abundance and production were taken twice per day during the first 2 d, and one to two additional samples were taken daily for determination of the exponential phase of growth.
Environmental properties-Salinity, temperature, and oxygen were measured with a Yellow Springs Instrument portable sensor (YSI 85 model). Inorganic nutrients (phosphate, nitrate + nitrite, and silicate) samples were filtered on-site and measured on a Lachat Quikchem FIA+ 8000 Series. Chlorophyll a (Chl a) concentration was measured fluorometrically in a Turner 10-AU fluorometer after overnight extraction in 90% acetone of pigments recovered onto Whatman GF/F filters from 50-100-mL samples. Dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) concentrations (mmol L 21 ) were determined with a Shimadzu total organic carbon and nitrogen analyzer (TOC-V/TN). Aliquots (60 mL) were taken on-site and kept frozen at 220uC until analysis.
Single-cell physiological groups-Membrane-intact (live) and membrane-damaged (dead) bacterial cells were distinguished by a nucleic acid double-staining protocol with propidium iodine (PI) and SYBR-Green (Grégori et al. 2001) . Cells with low (LNA) and high (HNA) nucleic acid content (Li et al. 1995) were distinguished after SYBRGreen staining of 0.4 mL of thawed samples. Actively respiring (CTC+) cells were identified as those capable of reducing 5-cyano-2,3-ditolyl tetrazolium chloride (CTC; Rodriguez et al. 1992) . Details on the specific protocols used are described in Morá n and Calvo-Díaz (2009). A benchtop fluorescence activated cell sorter flow cytometer (FACSCalibur, Becton Dickinson) was used for all singlecell group enumerations.
Bacterial biomass and production-Total bacterial abundance was estimated as the sum of LNA and HNA cell numbers. Bacterial biovolume (mm 3 ) was estimated from an empirical calibration between right-angle light scatter (RALS) and bacterial size (diameter [mm] 5 0.40 + 1.51 3 RALS, r 2 50.87, p 5 0.007, n 5 6) and carbon biomass eventually calculated as described in Calvo-Díaz and Morá n (2009).
Bacterial production rates (mg C L 21 d 21 ) was estimated from 3 H-leucine (Leu) incorporation rates (LIR, pmol Leu L 21 h 21 ) (Kirchman et al. 1985) using the centrifugation method (Smith and Azam 1992) as described elsewhere (Ducklow et al. 2001 Particulate and dissolved primary production-Short incubations (, 2 h) of 65-mL water samples spiked with 14 C-bicarbonate (3.0-3.3 3 10 5 Bq) were performed at the four sites in order to determine the rates of production of particulate and dissolved organic carbon by phytoplank-ton. Three light plus two dark replicates were incubated in sterile 25-cm 2 polycarbonate tissue culture flasks (Corning) under in situ temperature and saturating irradiance (, 300 mmol photons m 22 s 21 ). At the end of the experiments, 5-mL aliquots were taken for determination of total primary production, while the remaining 60 mL were filtered through 0.22-mm membrane filters in order to estimate particulate (PPP) and dissolved primary production (DPP). Carbon production rates were calculated using dissolved inorganic carbon concentrations measured once at each site: 19,500 mg C L 21 for CR and QR, 21,000 for SL, and 22,000 for NS. Daily rates (mg C L 21 d 21 ) were calculated by multiplying hourly rates by daylight hours. The contribution of dissolved primary production to total rates was expressed as percent extracellular release (PER): 100 3 DPP/(DPP + PPP).
Statistical analyses-Absolute abundances, concentrations, and production rates were log10 transformed in order to attain normality and homoscedasticity for subsequent correlation and regression analyses. Pearson's productmoment correlations, ordinary least squares (OLS) linear regressions, and stepwise multiple regressions were performed with STATISTICA software, version 7.1 (StaSoft).
Results
Environmental properties-Selected environmental variables and bacterioplankton abundances are shown in Table 1 . Temperature increased from , 16uC in May to 27uC in July-August and then decreased until December (, 8uC). Salinity ranged from 15.4 to 31.8, with lower values consistently observed at CR and QR. Phosphate concentrations peaked in summer and early autumn (,0.5 mmol L 21 ) and were usually below 0.3 mmol L 21 for the rest of the year. Chl a concentrations generally followed the same pattern as temperature and phosphate with summer maxima (. 10 mg L 21 ). DOC concentrations ranged from 95 to 346 mmol L 21 and tended to be higher in July-August, with similar, low values in May and December. The C : N ratio of dissolved organic matter was always below 16, indicating relative nitrogen enrichment. Rates of total planktonic primary production (TPP) varied from 0.12 to 2.38 mg C L 21 d 21 , with PER values ranging from 3% to 36%. TPP was strongly correlated with Chl a (r 5 0.81, p , 0.001, n 5 24).
Bacterial physiological structure-Total bacterial abundance (i.e., the sum of LNA and HNA cells; Table 1 ), displayed a consistent seasonal pattern, from , 2 3 10 6 cells mL 21 in December at all sites to . 5 3 10 6 cells mL 21 in August. Live cell abundance was sometimes higher than the total, measured on preserved rather than fresh samples (Table 1) , and most cells were alive (78-96%). HNA cells usually exceeded LNA, with their contribution ranging from 42% to 82%. CTC+ cells were generally one order of magnitude lower than total numbers (Table 1) and contributed between 3% and 36% to total numbers.
Temperature was strongly correlated with all single-cell group absolute abundances (r 5 0.72-0.90), but only with the percent contribution of CTC+ cells, while salinity was positively correlated with % live cells and negatively correlated with % HNA cells (Table 2) . Total, particulate, and dissolved primary production and Chl a were also positively correlated with the abundance of all groups, but % CTC+ cells was the only relative contribution bearing a significant correlation with phytoplankton production. Bacterial activity (LIR) and production (BP) were weakly associated with the abundance of HNA and CTC+ cells, as well as with % CTC+.
Specific growth rates of physiological groups-Temporal patterns were observed for the specific growth rates of the four individual physiological fractions (Fig. 1) . Ranges of variation were similar for live (0.14-2.40 d 21 ), HNA (0.28-2.26 d 21 ), and CTC+ cells (0.12-2.65 d 21 ), while those of LNA cells were substantially lower (20.37-0.69 d 21 ), and growth was negative on seven occasions. Consequently, bulk specific growth rates (i.e., m for the sum of LNA and HNA cells) were lower than any of the former three groups (range 0.06-1.53 d 21 ).
Specific growth rates of live, total, LNA, HNA, and CTC+ were positively and almost always significantly correlated (Table 3) . Growth rates of HNA cells were not statistically different from those of live cells, but the m values of both fractions were significantly lower than CTC+ cells as shown by paired t-tests ( Fig. 2B ; t 5 22.98, df 5 23, p 5 0.01 for HNA, and t 5 24.31, df 5 23, p , 0.001 for live). CTC+ cell m values were on average 37% and 91% higher, respectively, than HNA and live cell values. In turn, specific growth rates of HNA cells were significantly higher than those of LNA cells (t 5 26.91, df 5 23, p % 0.001; Fig. 2A ).
Like abundance, specific growth rates of the four physiological groups were significantly correlated with temperature (Table 3) , although they had notably lower coefficients. These apparent temperature dependences can be expressed as Q 10 or activation energies (Fig. 3) . Apparent activation energies (Brown et al. 2004) were similar for total, live, HNA, and CTC+ cells (E a 0.28-0.44 eV). The activation energy of LNA cells was 0.97 eV when only positive m values were considered. HNA cell m values showed relatively higher correlation coefficients with bulk and phytoplanktonic production of DOC (Table 3 ; Stepwise multiple regressions yielded significant differences among groups (Table 4) , with low to moderate percentages of variance explained (38-52%). For total bacteria, 43% of the variance could be explained by a combination of DPP, DOC, and PO 4 concentrations, but when the specific growth rates of LNA and HNA cells were separated, different sets of explanatory variables were included in the models. Thus, m LNA had positive coefficients for PO 4 and DOC and negative coefficients for mean biovolume (r 2 5 0.44), whereas m HNA was explained by DPP and DOC (r 2 5 0.50). DPP was also included in the models for the specific growth rates of live and CTC+ cells, the same as bacterial biovolume, both with positive coefficients. Temperature was not included in any multiple regression.
Contribution of physiological fractions to bacterial production-Bacterial production rates derived from LIR and using empirical LCF (range 4.7-111 mg C L 21 d 21 ) tended to follow changes in abundance and biomass (Table 2) , and they were significantly correlated with estimates based on bacterial biomass and bulk m (range 4.4-421 mg C L 21 d 21 ; Fig. 5 ). The slope of the OLS regression was not significantly different from 1 (t-test, t 5 20.22, df 5 20, p 5 0.83), and there was no significant difference between the two sets of values (paired t-test, t 5 0.62, df 5 22, p 5 0.54). Consequently, BP : BB ratios were also weakly correlated with bulk m estimates (r 5 0.51, p 5 0.015, n 5 22), and values were not significantly different (paired t-test, t 5 0.27, df 5 21, p 5 0.79).
The contribution of three mutually exclusive physiological fractions to total bacterial production was estimated from ambient abundances and the calculated group-specific m with the following rationale. The % live cells was used to correct for an equal percentage of dead cells in both the LNA and HNA groups. CTC+ bacteria were assumed to belong to the cluster of HNA cells, since no CTC+ cells were observed within the LNA group in several experiments involving both nucleic acid fractions (Gasol and Arístegui 2007). The three groups of cells were then live LNA (l-LNA), live and non-CTC+ HNA (l-HNA), and CTC+HNA cells (CTC+HNA). The contribution of these (Fig. 6) . The contribution of l-HNA decreased from as much as 80% at 7-8uC to ,40% at 27uC, with the opposite trend for CTC+HNA cells, which increased from , 10% at low temperatures and contributed virtually the same as l-HNA at high temperatures. In spite of the sporadic lack of contribution on l-LNA cells over the whole temperature range, values higher than 20% were not rare, and the highest contributions of this group (exceeding 30%) were observed at intermediate temperatures.
Discussion
Heterotrophic bacterioplankton standing stocks are composed of cells with different physiological states and, as we assessed here, varying contributions to carbon fluxes. With the aim of understanding the dynamics and controls of live, LNA, HNA, and CTC+ bacteria in Waquoit Bay, we used dilution without prefiltration of the the inocula (Beardsley et al. 2003) to avoid disrupting cells and artificially increasing DOC availability (Gasol and Morán 1999; Fuchs et al. 2000) . Most physiological groups increased in numbers during the first 6 to 26 h. With few (usually , 15%) dead cells as characterized by PI staining, the three subpopulations LNA, HNA, and CTC+ grew exponentially at different rates, together explaining the bulk bacterial metabolism at this site. The absence of sudden changes in abundance during the incubations and the consistent relationships found between the specific growth rates of the various physiological groups (Fig. 2) suggest that the potential migration of cells between the assigned flow cytometric groups was negligible. This assumption lies at the basis of an abundant body of literature comparing cell-specific activities, especially those of LNA and HNA cells (Zubkov et al. 2004; Longnecker et al. 2005; Jost et al. 2008 ).
Dynamics of single-cell physiological structure and controlling factors-In Waquoit Bay, the relative abundances of live, HNA, and CTC+ cells were in the ranges found in other coastal environments (Longnecker et Table 2 suggests that, besides temperature, bulk DOC concentration and primary production determined CTC+ cell abundance. Like in Morá n and Calvo-Díaz (2009), % CTC+ was the index most correlated with total activity, and it was the only one that could be partly (25-42%) predicted by changes in bottom-up factors (Table 2) .
In order to better identify the mechanisms regulating the abundance of the physiological groups, we determined their specific growth rates. Assuming that only PI-negative (live) LNA cells actually grew in , 80% of our experiments, contrary to some observations (Gasol et al. 1999) . Nonetheless, growth of LNA cells was on average 64% lower than HNA ( Fig. 2A) and far from the values reported by Zubkov et al. (2001) and Mary et al. (2006) for the open Atlantic Ocean.
The fraction of cells in a given physiological group is a balance between growth and removal rates. Although all groups' m values usually peaked in summer (Fig. 1) , maxima in the relative abundance of HNA and CTC+ bacteria were generally found before or after that period (data not shown), possibly due to preferential grazing on the more active cells. A decrease in % HNA values may be caused directly by protistan consumption (Gasol et al. 1999 ) and indirectly through trophic cascades (Zö llner et al. 2009 ) or viral activity (Bonilla-Findji et al. 2008) . Similarly, removal of the reportedly more active (Del Giorgio et al. 1997 ; Morá n and Calvo-Díaz 2009) and consequently more nutritious CTC+ cells likely precluded the dominance of this group in spite of their higher specific growth rates (Figs. 1, 2B) . CTC+ m values were the only values correlated with leucine incorporation rates (r 5 0.50, p 5 0.01, n 5 24), supporting the leading role of actively respiring cells in community metabolism in spite of their low numbers (Smith 1998; Choi et al. 1999; Sherr et al. 1999) . Total number and relative abundance of CTC+ cells have also been shown recently to be the best predictor of bulk activity and growth rates year-round in temperate Atlantic shelf waters (Morá n and Calvo-Díaz 2009).
In addition to temperature and substrate availability, salinity was a key variable associated with the fraction of live cells (Table 2) , as previously reported (Del Giorgio and Bouvier 2002) . Salinity was also inversely correlated with the percentage of HNA cells, as found by Joux et al. (2005) and Morá n et al. (2002b) , but our results suggest that the LNA subgroup in Waquoit Bay differs from that found in other coastal sites, where no growth was observed (Gasol et al. 1999; Vaqué et al. 2001 ). However, comparatively lower but significant positive growth of SAR11 bacteria, appearing only within the LNA subgroup and dominating it (Mary et al. 2006; M. V. Zubkov and B. Fuchs pers. comm.) , has been recently reported in the Ría de Vigo (Teira et al. 2009 ). LNA cells have also been shown to actively grow in other marine (Jochem et al. 2004; Longnecker et al. 2005; Scharek and Latasa 2007) and freshwater (Wang et al. 2009 ) ecosystems. Consequently, Fig. 4 . Relationships between (A, B, C) DOC concentration and (D, E, F) the rates of dissolved primary production and the specific growth rates of LNA, HNA, and CTC+ cells for all data pooled. Fitted lines are OLS linear regressions with 95% confidence intervals indicating the significant correlations detailed in Table 3. we should no longer regard LNA bacteria as inactive cells, even in coastal or eutrophic regions, without unequivocally demonstrating that their growth was negligible.
In Waquoit Bay, all single-cell groups showed positive and high correlations between abundance and temperature over their full observed range (Table 2 ). In nearby Narragansett Bay, temperature was significantly correlated with total bacterial abundance but not with specific growth rates (Staroscik and Smith 2004) . Here, the respective m values and temperature were also correlated but with lower coefficients, and for all groups except LNA cells, the highest correlations were obtained with other variables (Table 3) . Moreover, due to the strong covariation between temperature and substrate availability in Waquoit Bay, the multiple regression approach to separate these factors argues against a preponderant role of temperature (Table 4). Our analysis shows that the supply of substrates (phytoplankton-derived and bulk DOC, and also PO 4 for LNA cells), and only secondarily temperature, drove the response of physiological single-cell fractions in Waquoit Bay. Contrary to other studies (Hoch and Kirchman 1993; Shiah and Ducklow 1994a,b) , there was no plateau value in the apparent temperature dependence in bacterial growth or production (Figs. 3, 6B) . 5 . Relationship between bacterial production estimated from leucine incorporation rates and empirically determined Leu to C conversion factors and bacterial production estimates using in situ biomass and bulk specific growth rates (i.e., the sum of LNA and HNA cells). Fitted thick line is OLS linear regression: log y 5 0.09 + 0.95 log x, r 2 5 0.46, p , 0.001, n 5 22, and thin lines represent 95% confidence intervals. Additional support for the greater role of substrate availability relative to temperature in controlling bacterial growth is the apparent response of physiological groups to temperature (Fig. 3) . With no substrate limitation, warming increases enzymatic activity and hence cell division, as described by the metabolic theory of ecology (MTE; Brown et al. 2004) , with activation energies (E a ) for heterotrophs gathering around 0.65 eV (Gillooly et al. 2001 ; Ló pezUrrutia and Morá n 2007). However, the energy of activation was 0.3-0.4 eV, equivalent to Q 10 of 1.5-1.9, for all groups (Fig. 3) except LNA bacteria, which yielded a significantly higher value of 1.0 eV. Freshwater LNA cells also gave a relatively high E a (0.55 eV; Wang et al. 2009 ). It is tempting to suggest that lower E a values are related to a greater dependence of the most active (HNA and CTC+) cells on photosynthesis, which has an activation energy of 0.32 eV. Although according to the MTE, Q 10 values of bacteria should be higher than those of phytoplankton (Ló pez- Urrutia et al. 2006) , in situ measurements show high variation (Kirchman et al. 1995; Pedró s-Alió et al. 2002) , with lower values likely related to substrate limitation (Ló pez-Urrutia and Morá n 2007). Altogether, these results suggest that the dependence of LNA cells on autotrophic processes is substantailly different from that of HNA and CTC+ cells.
According to Church (2008) , DOM is the most frequent limiting factor for bacterial growth. The dependence of bacteria on the amount of dissolved substrates has been demonstrated for many pelagic ecosystems (Carlson and Ducklow 1996; Kä hler et al. 1997; Morá n et al. 2002a) , including estuarine waters (Findlay et al. 1991; Hoch and Kirchman 1993) . In a recent study by Yokokawa and Nagata (2005) , different phylogenetic groups had different relationships with Chl a, suggesting that the dependence on phytoplankton substrates was not consistent among bacterial groups. Frequently, this assessment is made with proxies such as Chl a (Sherr et al. 2006) or particulate primary production (Kirchman et al. 2009 ). This is to our knowledge the first report in which the effect of total vs. phytoplankton-produced DOC was simultaneously assessed for various physiological fractions, with clearly different responses (Tables 3, 4 ). In particular, m values of HNA bacteria but not of LNA bacteria showed consistently positive responses to enhanced organic substrate availability (Fig. 4) , confirming previous suggestions . Live and CTC+ cell m values also seemed to depend more on DPP than on bulk organic or inorganic nutrients (Table 3 ; Fig. 4) . The hypothesis that HNA cells are mostly dependent on phytoplankton-produced DOC (Li et al. 1995; Morá n et al. 2007; Scharek and Latasa 2007) (Table 4) , thus arguing for a fundamentally different regulation of LNA and HNA bacteria or at least compelling differences between activity and cell size.
Contribution of physiological groups to bacterial production-Bulk specific growth rates were uniformly below 1.5 d 21 , in accordance with other reports from estuarine environments (Revilla et al. 2000; Yokokawa et al. 2004 ), but higher than the average 0.1 d 21 characteristic of most open-ocean waters (Kirchman et al. 2009 ). Compared with oligotrophic sites, higher bacterial specific growth rates are expected in mesotrophic to eutrophic surface estuarine waters such as Waquoit Bay. However, between 18% and 58% bacteria were LNA cells growing at relatively low rates (, 0.5 d 21 ; Fig. 2A ). By this logic, low water-column integrated BP : BB ratios (as in Kirchman et al. 2009 ) would thus be indicative of the presence of large numbers of cells with low activity. It is not always the case that estimated (BP : BB ratios) and measured (from dilution experiments) m values are statistically not different as we found in Waquoit Bay. Rather, BP : BB estimates are frequently much lower than measurements carried out in predator-free incubations (Ducklow 2000 ; L. Franco-Vidal and X. A. G. Morá n unpubl.). Here, the use of empirically determined LCF rather than a fixed theoretical value (3.1 kg C mol Leu 21 ) improved the agreement between the two methods of estimating total carbon flux through bacterioplankton, raising the percentage of variance explained from 35% (data not shown) to 46% (Fig. 5) .
At short timescales, CTC+ cells can increase dramatically in response to algal blooms without no change in temperature (Yager et al. 2001 ). Temperature was not as important as dissolved organic matter availability in determining the specific growth rates of LNA, HNA, and CTC+ cells in Waquoit Bay. However, it was clearly associated with the percent contribution to total BP of the three mutally exclusive physiological groups l-LNA, l-HNA, and CTC+HNA (Fig. 6A) . While the contribution of non-actively respiring HNA cells (l-HNA) steadily decreased in warm waters, the combination of high substrate availability (Table 1 ) and higher enzymatic rates made CTC+HNA cells contribute up to . 50% ot total carbon assimilation at temperatures . 25uC. This result is the first direct demonstration of the key contribution of CTC+ cells to bacterial carbon production in pelagic ecoystems at high temperatures, confirming the mechanism underlying indirect associations between CTC+ cell abundance or % CTC+ cells and bulk bacterial activity (Lovejoy et al. 1996; Choi et al. 1999; Sherr et al. 1999) . The contribution of l-HNA bacteria with lower specific growth rates (cf. Fig. 1C,D) was clearly dominant at temperatures below 20uC (Fig. 6B) , while l-LNA cells also contributed up to 40% to BP at specific sites and intermediate temperatures around 15uC (Fig. 6A) . This was somewhat surprising if this group is made up solely of inactive or even dead cells (Gasol et al. 1999) . Accumulating evidence during the last decade (Zubkov et al. 2001; Jochem et al. 2004; Scharek and Latasa 2007) indicates that LNA bacteria can sometimes be nearly as active as HNA cells (Longnecker et al. 2005) . LNA were a minor group here, especially at low and high temperatures, but this was not always the case. However, considering that HNA bacteria include CTC+ cells, they contributed ,60-100% of bacterial production.
It is currently possible to easily discriminate by flow cytometry between bacterial cells with differing metabolic and physiological states, but this diversity is seldom considered, especially in models, where the black-box approach is still widespread. In the estuarine system of Waquoit Bay, a heterogeneous bacterial community in terms of physiological states persisted year-round. The majority of cells were viable, and most of the bacterial assemblage growth was due to the division of HNA cells. Unlike LNA cells, HNA cells were likely strongly dependent on phytoplankton-derived DOC. The eutrophic nature of the site favored a good agreement between bacterial production estimates using experimental specific growth rates and leucine incorporation rates. Among the HNA group, the contribution of the highly active subgroup of CTC+ bacteria to total biomass production increased with increasing temperature, reaching ,40% at values higher than 20uC.
